Introduction

M u s m u s c u l u s i s a c o m m o n m o d e l f o r t h e s t u d y
of mammalian wound healing due to the wealth of transgenic strains, availability of a fully mapped genome (Eppig et al., 2005) and the ease of breeding. Of particular interest has been the identification of the enhanced healing properties of the MRL/MpJ inbred mouse strain (Clark et al., 1998) . This strain of mice was found to have an increased ability to heal and close ear hole punches without scarring compared to other inbred strains (Heber-Katz, 1999) . This strain has also been reported to regenerate cardiac muscle following cryoinjury (Leferovich et al., 2001) . As a result, the MRL/MpJ strain has become a model system for the comparative investigation of mammalian tissue regeneration. However, the ability to regenerate tissues is not widespread in this strain and differs between tissue types, organs, and the mechanism of injury. Full thickness, excisional back wounds do not regenerate in the MRL/MpJ mouse and scar tissue formation occurs . Similarly, the regeneration of cardiac tissue does not occur following myocardial infarction (Cimini et al., 2008; Robey and Murry, 2008) . It is important, therefore, to understand the normal healing response for each mouse strain, each anatomic site and the mechanism of injury when investigating the potential effects of therapeutic interventions upon the healing response or regeneration potential.
The role of tissue resident or circulating progenitor cells in the healing response is an important consideration since these cells present a therapeutic target to improve w o u n d h e a l i n g . A l t h o u g h m a n y p r o g e n i t o r c e l l populations have been identified, perhaps the most important from a wound healing standpoint are the tissue resident or circulating progenitor cells characterized Summary. Mice are common models for the study of mammalian wound healing. However, the array of available phenotypes suggests that significant differences likely exist in the normal wound healing response between different mouse strains. It is therefore essential to understand the normal healing response for each mouse strain, anatomic site, and mechanism of injury when investigating the potential effects of therapeutic interventions upon the healing response. The objective of the present study was to characterize and compare the morphologic changes that occur in both the MRL/ MpJ and C57bl/6 mice strains during the first 14 days following amputation at the midpoint of the second phalanx. Our results identify noticeable temporal and spatial differences between the two strains, particularly in the expression of CD34+ and CD133+ progenitor cells, the re-epithelialization of the wound and deposition of type I and type III collagen. Unlike other selected tissues in which MRL/MpJ mice demonstrate a capacity to completely regenerate lost tissue, the responses observed in this model of digit healing did not translate into a greater capacity to regenerate lost structures. Both mouse strains show a similar healing response by day 14.
Surgical procedure
Sixty female mice (30 C57bl/6 and 30 MRL/MpJ), aged 6 -8 weeks were obtained from The Jackson Laboratories (Bar Harbor, ME) and randomly divided into 15 groups based on survival time. Mice were anesthetized with 2% isoflurane in oxygen administered at 2 L/min. The third digit of the right hindpaw was amputated at the midpoint of the second phalanx, corresponding to the third ridge of the foot pad. Hemorrhage was controlled by applying pressure to the wound with sterile gauze. The mice received buprenorphine (0.05 mg/kg) immediately post operatively and then every 12 h for the next three days in addition to prophylactic enrofloxacin (0.15 mg/kg). Animals were housed in standard cages and fed standard laboratory chow with unlimited access to water. One group of animals was euthanized every 24 h, starting immediately post amputation and continuing for 14 consecutive days.
Specimen harvest and histology
M i c e w e r e a n e s t h e t i z e d w i t h 2 % i s o f l u r a n e a n d euthanized by intracardiac injection of saturated potassium chloride solution. The entire right hind paw was removed. The wounded digit was severed at the metatarsophalangeal joint, fixed in 10% neutral buffered formalin for at least 48 h and then decalcified in 10% formic acid.
The specimens were embedded in paraffin and 5 m thick, serial, sagittal sections were cut through the midline of each specimen and stained with hematoxylin and eosin (H-E) and Herovici's stain, a polychromatic stain to distinguish collagen types I and III. Sections were evaluated by light microscopy.
Immunolabeling
Deparaffinized sections were prepared for immunolabeling by immersion in 10 mM/1mM Tris/EDTA antigen retrieval buffer (pH 9.0) at 95 for 30 min. Following cooling to room temperature exogenous peroxidase activity was blocked with 3% hydrogen peroxide and then non-specific binding sites blocked for 1 h in 1% bovine serum albumin in phosphate buffered saline (PBS). The following primary antibodies were then applied to the slides and incubated at 4 overnight: rabbit anti-human CD133 (1:100, Abcam, Cambridge, MA), rat anti-mouse CD34 (1:100 AbD Serotec, Raleigh NC), and rabbit anti-human smooth muscle actin (1:200, Abcam). All antibodies were confirmed by the manufacturer to cross-react with murine tissue and tested by expression of CD34 and CD133. Traditionally considered a marker for circulating progenitor cells and hematopoietic stem cells (Yin et al., 1997; Hristov and Weber, 2004) , CD133 has more recently been identified as a marker of a perivascular progenitor cell population capable of forming multiple tissue types. Similarly CD34 has been identified as a marker of a subset of mesenchymal stem cells, endothelial progenitor cells and embryonic fibroblasts, all of which may play a significant role in wound healing.
A number of studies have characterized the gene expression profile of selected tissues during wound healing in laboratory mice strains. Chadwick et al.(2007) identified strain specific expression patterns in genes related to WNT signaling between the MRL/MpJ, DBA and C57bl/6 strains. Similarly, Masinde et al. (2005) compared MRL/MpJ and C57bl/6 strains and identified 36 genes that were differentially expressed in cells from MRL/MpJ ear wound tissue involved in cellular morphogenesis and extracellular matrix reorganization. While the temporal and spatial morphologic changes relating to healing of ear punches have been extensively studied and characterized in both MRL/MpJ and C57bl/6 strains (Rajnoch et al., 2003; Metcalfe et al., 2006) , there is a paucity of such data relating to the morphologic changes that occur during wound healing of more complex biological structures such as limbs and digits.
The objective of the present study was to characterize and compare the temporal and spatial morphologic changes that occur in both the MRL/MpJ and C57bl/6 mice strains during the first 14 days following digit amputation.
Materials and methods
Overview of experimental design
Approval for this study was obtained from the University of Pittsburgh Institutional Animal Care and Use Committee. Sixty mice (30 C57bl/6 and 30 MRL/MpJ mice) were subjected to surgical amputation of the third digit of the right hindpaw at the midpoint of the second phalanx. The wounds were allowed to heal naturally and were assessed daily starting immediately post surgery and continuing for 14 consecutive days. Microscopic analysis included routine histologic staining methods and immunohistochemical and immunolabeling techniques to evaluate and compare cell phenotype, vascularization, innervation and extracellular matrix remodeling between the two strains.
skin that initially retracted proximally from the bone at the amputation site extended distally defining the wound edge. A mononuclear cell infiltrate extended from the skin wound edge to the periosteal surface at the edge of the cut bone. There were a large number of CD133+ and CD34+ cells adjacent to the periosteum of the bone shard, within the basal epithelium and the adnexa of the native dermis. A new, intact epithelial layer had yet to form at the day 1 timepoint (Fig. 1A, B) .
In both strains, epithelial cells, particularly from the stratum granulosum, extended from the wound edge to the cut bone tip forming epithelial invaginations that isolated the wound area from the adjacent normal dermis. A notable difference was observed in the rate of reepithelialization between the two mouse strains. In the MRL/MpJ strain a complete epithelial layer was first observed between day 6 and 7 while in the C57bl/6 strain a complete epithelial layer had formed between day 3 and 4. The blood clot and cellular debris at the surface of the wound site persisted until day 7 in the MRL/MpJ strain ( Fig. 1H) , whereas in the C57bl/6 mice the blood clot had dissipated by day 4. During the 10 days following amputation there was a thickened stratified squamous epithelium, characterized by hyperplasia and a relative absence of rete pegs, over the cut end of the bone. Despite initial differences in the rate of re-epithelialization between the two different mouse strains, a complete stratified, keratinized epithelium was present in both strains by day 9 (Fig. 1I, J) . Between day 9 and 14, the epithelium covering the amputation site, in both strains, thinned and a neodermis formed. The epidermis regained a normal thickness and architecture in both strains, compared to adjacent uninjured skin, at approximately day 14.
The first sign of a definable dermal layer was observed between day 5 and 6 in the MRL/MpJ mice and between day 4 and 5 in the C57bl/6 mice ( Fig. 1E,  F) . The morphological appearance of the neodermis was characterized by the presence of myofibroblasts which expressed -smooth muscle actin (Fig. 2) . Of particular note was the sudden, transient increase in the concentration of CD34+ mononuclear cells (Fig. 3B) , CD133+ progenitor cells (Fig. 4B ) and -smooth muscle actin positive cells (Fig. 2B) at the cut bone tip between day 3 and 5 in the C57bl/6 strain. These cells formed a dense mass that remained at the cut bone tip for only 24-48 h before dissipating. While the expression of these markers was observed in the MRL/MpJ strain, a sudden, rapid increase in the number of positive cells at the bone tip was never observed (Fig. 3E, 4E) .
Collagen I and III deposition showed significant temporal differences between the two strains of mice, as using appropriate positive control slides.
Detection of the primary antibody was achieved using an HRP-conjugated secondary antibody, either Goat anti-rabbit (Sigma-Aldrich, St Louis, MO), goat antirat (Dako, Carpinteria, CA) or rabbit anti-goat (Dako) diluted 1:200 in 1% BSA in PBS. Visualization of the staining was achieved using the Vectastain DAB kit (Vector Laboratories, Burlington, CA). The slides were subsequently counterstained with Harris's hematoxylin.
Quantification of collagen I and III ratio
The ratio of type I collagen to type III collagen in the healing digits was assessed by multispectral imaging of Herovici's polychrome stained specimens. A region of interest within the dermis that was demarcated by the tip of the amputated bone and the epidermis of the skin was visualized using the Nuance imaging system (CRi systems, Cambridge, MA). A spectral library was prepared using control samples to create color profiles specific for type I collagen (red), type III collagen (blue) and cytoplasmic staining (yellow). Images in the region of interest from each digit were spectrally unmixed and color thresholding was used to determine the percentage of type I and type III collagen staining, and subsequently the collagen I:III ratio was obtained. A minimum of 4 regions of interest were measured per timepoint.
Statistical analysis
Data is presented as mean +/-standard deviation. To determine statistical differences Analysis of variance with Tukey's post-hoc test was performed within each group while independent 2-sample T-tests were used to identify specific differences within timepoints. Values of P≤0.05 were considered significant.
Results
Restitution of the epidermis and dermis
Restitution of the epidermis and dermis during the wound healing process were studied histologically in the two mouse strains. H-E and Herovici's polychrome staining were used to identify temporal and spatial differences in the cellular and extracellular matrix (ECM) components of the host response.
In both mouse strains, sections taken at day 1 postamputation were characterized by the formation of a blood clot at the cut tip and an inflammatory cell infiltrate consisting of neutrophils and mononuclear cells. The demonstrated by Herovici's staining and collagen I:III ratio (Fig. 5) . No significant change in collagen I:III ratio was observed between day 1 samples and uninjured controls (data not shown). Both strains showed a decrease in type I collagen amount and a corollary increase in type III collagen at day 2 following amputation. Between days 2 and 5 the C57 strain demonstrated significantly higher amounts of collagen III compared to the MRL strain, however at subsequent time points the collagen I:III ratio switched with the C57 strain showing increased Collagen I deposition compared to the MRL strain. Both strains showed a gradual increase in collagen I amounts starting at day 7 in the C57 strain and day 9 in the MRL strain resulting in significantly greater collagen I:III ratio in the healing digits by day 13 compared to uninjured controls. In both strains, spindle-shaped cells within the dermis formed a hypercellular mass and these cells were associated with progressively increased amounts of ECM, predominately type III collagen. There was little reorganization of the ECM over time in either strain with the collagen fibers at the amputation site deposited parallel to the plane of amputation (not shown). As a result, between days 12 and 14, fracturing of the dermal matrix was frequently observed in the sections from both mice strains.
Concomitant with the changes in ECM deposition, both mouse strains showed a gradual decrease in the numbers of CD133+ and CD34+ cells from day 6 until day 14. This decrease in positive staining was most noticeable in the MRL/MpJ strain (compare Fig. 4B , C to 4E & F). In the C57bl/6 strain, the numbers of CD133+ cells were similar to those of the MRL/MpJ strain showing a gradual decrease in number. The number of CD34+ cells, although decreased compared to day 4, remained noticeably higher in the C57bl/6 strain compared to the MRL/MpJ strain especially in the neodermis of the wound (compare Fig. 3C and F) . In the MRL/MpJ strain by day 11, the distribution of CD133+ and CD34+ cells was limited to the walls of the larger blood vessels, hair to neonatal mice which have previously been shown to often spontaneously regenerate amputated digits (Han et al., 2003; Masaki and Ide, 2007; Han et al., 2008) . Our results showed that while noticeable differences could be observed in the temporal expression of cellular markers, particularly CD34 and CD133 in C57bl/6 and MRL/MpJ mice, these temporal differences did not translate into a greater capacity to regenerate the lost structures. Both C57bl/6 and MRL/MpJ strains reached equilibrium in the healing response by day 14.
Of particular note was the delayed re-epithelialization of the amputation site in MRL/MpJ mice compared to the C57bl/6 strain. Amputation of the digit was performed by a single cut across the mid-point of the second phalanx of the third digit in the right hind limb. Following amputation the skin typically retracted back slightly, due to the natural elasticity of the skin, to expose the bone. No attempt was made to trim the bone to the level of the soft tissues. However, in only two cases, both C57bl/6 mice, did the protruding bone appear to interfere with the healing process. Typically, by day 1 the skin had extended distally to partially cover the bone tip. Persistence of the blood clot and cellular debris in the MRL/MpJ mice was associated with the delayed re-epithelialization.
Rapid re-epithelialization is considered an essential follicles and sebaceous glands, while the C57bl/6 strain continued to show large numbers of CD34+ cells in the dermis at all subsequent time points.
Discussion
This study complements a series of studies on mouse digit healing (Schotte and Smith, 1959; Neufeld, 1983 Neufeld, , 1985 Neufeld, , 1989 Zhao, 1993, 1995; Zhao and Neufeld, 1995; Mohammad and Neufeld, 2000; Han et al., 2003; Said et al., 2004; Chadwick et al., 2007; Han et al., 2008) which document the temporal aspects of healing in amputated mouse digits, with the addition of data on stem and progenitor cell infiltration, cell proliferation and angiogenesis. The comparative healing response of two strains of mice are described, specifically the C57bl/6 and MRL/MpJ strains. The C57bl/6 is probably the most widely used laboratory mouse strain, and the MRL/MpJ strain possesses the reported unique ability to regenerate certain skin wounds and myocardium (Heber-Katz, 1999; Leferovich et al., 2001) and is commonly used for tissue regeneration studies. The present study utilized female mice that were between 6 and 8 weeks old as opposed (Mescher, 1996) . Re-epithelialization is followed by a distinctive thickening of the epithelium via proliferation and migration of keratinocytes. Cells within this apical epithelial cap do not immediately form a basement membrane but instead directly contact the underlying cells and ECM of the neodermis (Repesh and Oberpriller, 1980) . Interestingly, in the present study both mouse strains demonstrated a thickened epithelium as a feature of the healing response, a characteristic also observed in other mouse strains (Schotte and Smith, 1959; Neufeld, 1989) . However, unlike in urodeles, the formation of this thickened epithelium did not stimulate the restitution of the lost digit perhaps due to the presence of an epithelial basement membrane (Neufeld, 1989) .
Dermal regeneration in both mouse strains in this study concurred with previous descriptions of dermal healing (Arey, 1936; Neufeld, 1989) characterized by rapid appearance of spindle-shaped cells and the formation of new bloods vessels. Dermal healing began as a hypercellular tissue co nsisting predominately of spindle-shaped cells and progenitor cells with little ECM deposition. In the C57bl/6 strain of mice dermal regeneration was characterized by the sudden, transient appearance of a dense cell mass at the tip of the cut bone at day 3. This mass of cells stained positively for CD133, CD34 and smooth muscle actin suggesting a mixed population of progenitor, myofibroblast and vascular cells. These cells may have migrated out of the bone marrow cavity, a rich source of mesenchymal progenitor cells (Pontikoglou et al., 2008) . It is unclear why this structure was not observed in the MRL/MpJ mice.
The fact that CD34+ and CD133+ cells were detected at the site of injury supports the possibility that a regenerative process may be possible given the correct stimulus (Herdrich et al., 2008) . The matter of progenitor cell origin at the site of injury has attracted considerable interest. In the urodele, it has been shown that the progenitor cells responsible for regeneration reside within a few millimeters of the amputation plane (Wallace, 1981) while others have identified the connective tissue, particularly the dermis, as a major source of limb stem cells (Bryant et al., 2002) . Thus it is interesting that in our study the presence of CD133+ and CD34+ progenitor cells was observed. Traditionally considered to contribute to the angiogenic response, CD133+ cells have also been shown to be capable of differentiating into numerous cell types (Hristov and Weber, 2004; Peault et al., 2007) . The fact that there was also a concomitant increase in smooth muscle actin staining, particularly in the C57bl/6 mice, may indicate a potential role for blood vessel resident III ratio within the dermis of healing C57bl/6 and MRL/MpJ digits over the first 14 days post amputation. Significant differences in collagen I:III ratio between strains (P ≤ 0.05) were observed at all timepoints except days 1, 6 and 13. perivascular cells in wound healing. Together these findings suggest that the circulating cells and not tissue resident cells are the greatest contributor of progenitor cells at the site of healing in this mouse model. Although the differentiation of the progenitor cells into other cells types was not investigated in this study, the fact that the numbers of CD133+ and CD34+ cells peaked and then decreased to levels akin to those in uninjured digits would suggest that some differentiation of these cells into cells of the dermis and epidermis cannot be ruled out.
The formation of scar tissue is a consequence of the normal wound healing response and is characterized by deposition of a dense, collagenous extracellular matrix predominantly composed of type I and type III collagen. This study demonstrates significant differences in both the amounts and temporal deposition of types I and III collagen between the two strains that coincide with the differences in re-epithelialization and cellular distribution previously described. Since the deposition of increased amounts of type I collagen is characteristic of scar tissue it is likely that both strains of mice are demonstrating a default scarring response since type I collagen levels at day 14 in both strains were higher than in uninjured controls. However, the fact that C57 mice showed greater type I collagen deposition between day 7 and 14 compared to the MRL strain coupled with the differences in cellular composition may suggest a subdued or more controlled healing response in the MRL strain similar to that observed by others (Masinde et al., 2005; Chadwick et al., 2007) .
In the present study, it has been shown that the healing processes following amputation in the C57bl/6 and MRL/ MpJ strains show specific temporal differences in reepithelialization the MRL/MpJ strain producing a more muted re-epithelialization response. While this delayed response may indicate a specific difference related to the regenerative capacity of the MRL/MpJ mouse, another possible explanation is that the healing responses in these mice strains are occurring via two similar yet different mechanisms. Wound healing in skin can occur in one of two ways; primary healing, during which the epidermis heals rapidly without being preceded by granulation tissue, and secondary healing during which healin g occurs more slowly and is characterized by granulation tissue formation prior to epithelialization. Given the extent of tissue loss, a secondary healing response would be expected and may indeed be the healing response generated in the MRL/MpJ mice. However, in the C57bl/6 mouse the rapid re-epithelialization observed in this study, which is also noted in other mouse strains (Schotte and Smith, 1959; Neufeld, 1989) , is more characteristic of a primary healing response normally associated with small wounds with little tissue loss. One plausible explanation for this is that due to the natural habitat of rodents, rapid healing of digit wounds is required to prevent infection.
In conclusion, this study has further clarified and documented the temporal and spatial aspects of digit wound healing the MRL/MpJ and C57bl/6 in-bred mouse strains. These results demonstrate noticeable temporal differences in cellular expression and distribution between the two strains, with C57bl/6 mice demonstrating a greater ability to re-epithelialize digit tips rapidly compared to MRL/MpJs. In addition, the temporal changes coincided with significant differences in type I and III collagen deposition. However, unlike in other tissues where MRL/MpJ mice demonstrated a capacity to completely regenerate lost tissue, the differences observed in this model of digit healing do not translate into a greater capacity to regenerate lost structures with both C57bl/6 and MRL/MpJ reaching a similar equilibrium in the healing response by day 14.
